INTRODUCTION
Mutants are useful tools to directly understand the biological function of the gene and genome. For instance, the mechanism of tumorigenesis is now evident to be multistage progress with complicated interactions (1, 2) . The mice carrying a disrupted p53 gene (p53 mutants) were proven to develop various tumors (p53 phenotypes) (3, 4) . Based on this knowledge, the mechanism of tumorigenesis with the p53 gene function has been extensively studied and revealed at the molecular and cellular levels (5) . At the same time, the established p53 mutant mice serve a good model for human tumorigenesis.
Mutants are, therefore, useful tools to directly understand the biological function of the gene and genome without knowing any molecular or cellular mechanisms. Rather, mutant mice and genetics lead to the understanding of the complicated molecular and cellular network of the life. Mutant mice are also indispensable for genomic medicine and personalized medicine as animal models to various human diseases.
Forward genetics and positional cloning
Classically, mutants have been identified and established by the recognition of phenotype first as shown by the pioneering work by Mendel. In old days, there are no technologies available to change the genomic DNA sequences except random mutagenesis. It was for the first time suggested in the mouse by Little and Bagg (6) that x-ray induces heritable mutations. Immediately after their finding, it was proved in fruit flies by Muller (7) . Various chemical mutagens have also been identified but all of them randomly induce mutations in the genome. The identification of the genomic sequence change to reveal the responsible gene to the mutant phenotype had been impossible particularly in mammals. In 1980's, it became feasible to identify the site of mutation by positional cloning. Combining the genetic mapping method to narrow down the site of the mutation in the chromosome with the DNA cloning and sequencing technologies at and around the candidate genomic region, the site of the mutation is now able to be identified at the DNA sequence level. This classical approach to connect the site of the mutation to the phenotype is called "phenotype-driven mutagenesis" or "forward genetics" (Fig. 1) .
By the positional cloning, various causative genes and specific genomic DNA changes have been identified for the human genetic diseases. As a few of many examples, the DMD (8), RB1 (9) and HTT (10) genes were positionally cloned from Xp21.2, 13q14.2 and 4p16.3 as a causative genes for Duchenne muscular dys-http://bmbreports.org trophy, retinoblastoma and Huntington's disease, respectively. To reveal the predisposition and mechanism of the disease progression in terms of the molecular function of the causative gene, it has become necessary to develop mice that carry a mutation(s) in the causative gene. Furthermore, when it is not clear which candidate gene is the true causative gene by the positional cloning, mice carrying mutations in the candidate gene will also provide a very useful tool to verify. Based on these needs, another genetic approach, namely, the site-directed mutagenesis in the mouse, was newly developed in the 1980's.
Reverse genetics and gene targeting
The developed site-directed mutagenesis in the mouse is called "gene targeting" or "knockout mouse", since this technology specifically disrupts the gene of interest. The disruption of the target gene was conducted by homologous recombination with the targeting vector carrying a positively selectable marker like the neomycin resistant gene, which was independently developed by Capecchi (11) and Smithies (12) . This targeting manipulation was conducted in the mouse embryonic stem (ES) cells, developed by Evans (13, 14) , so that the disrupted gene is transmitted to the live mice through the germline of the chimeric mice with the manipulated ES cells. Although the gene targeting requires high-precision skills and well-controlled tissue culture and mouse facilities, it soon became a standard technology to study the mammalian gene in early 1990's all over the world because it reveals the gene function directly at the organism level. The Nobel Prize in physiology or medicine in 2007 was awarded to Drs. Capecchi, Smithies and Evans because of the tremendous contribution and impact to the basic as well as applied sciences. The gene targeting or knockout mouse made it possible to reverse the genetic approach to elucidate gene function compared to the classical forward genetics. Thus, it is "reverse genetics" that allows us to conduct the "gene-driven mutagenesis" in the mosue (Fig. 1 ).
Phase I: ENU mouse mutagenesis
In 1990, many fundamental technologies to elucidate the gene and genome function were set; genomic DNA sequencing, positional cloning and forward and reverse genetics. To facilitate the basic infrastructure for the functional genomics, various "big projects" has been funded and organized in worldwide. The Human Genome Project firstly primed this trend (15, 16) . In 1997, foreseeing the success of the Human Genome Project, two large-scale mouse mutagenesis projects with phenotypedriven approach were launched in Germany (17, 18) and UK (19, 20) as Phase I. Japan and Australia independently started a similar phenotype-driven mutagenesis project in 1999 and US and Canada joined in 2000, altogether approximately twenty of such large-scale phenotype-driven mutagenesis have been conducted in the world.
The phenotype-driven approach with a potent alkylating mutagen ENU was taken in Phase I mouse mutagenesis because 1) ENU had been well known to effectively induce point mutations in a genomewide manner (21) (22) (23) (24) (25) (26) , which resemble most of the cause of human genetic diseases, and 2) the phenotype-driven approach enable to identify yet-unknown genes responsible for human diseases. On the other hand, the ENU mutagenesis has been conducted mostly for dominant phenotype screenings but not for recessives (27) . The causative gene must be identified by the positional cloning that has been expected to become much quicker and easier to conduct by the completion of the entire mouse genome sequencing but is still time-consuming and often difficult process even now (27) . After all, many ENU-induced mutant strains were established and most of them are currently still under positional cloning. The large-scale ENU mouse mutagenesis is also expanded to the sensitized screening to reveal the modifiers for gene-gene interactions and effectors for gene-environmental interactions (27, 28) .
Phase II: knockout/conditional mouse mutagenesis
In the 2003, large-scale gene-driven mutagenesis project in the mouse was proposed (29, 30) . KOMP, EUCOMM and NorCOMM have indeed begun since 2006 as a 5-year project at US, EU and Canada, respectively (27, 31, 32) . The primary goal of the knockout/conditional mutagenesis projects is to construct mouse ES cell lines that cover at least one "knockout-first conditional-ready" mutant for every gene. The target of the random ENU mutagenesis is 3 billion base pairs of whole mouse genome; thus, the chance of having exactly the same base substitution by ENU among different projects is practically none. On the other hand, the knockout/conditional mutagenesis aims to disrupt merely about 30,000 mouse genes; thus, some coordination among the KOMP, EUCOMM and NorCOMM has been necessary to avoid the redundant construction of mutant ES cell lines. In 2007, the International Mouse Knockout Consortium (IMKC) was organized to arrange the effective international coordination and exchange the information among the participating groups (31, 32) .
Nevertheless, the trapping rather than targeting has been the major method to construct knockout ES cell lines (27, 31) . Therefore, duplicated disruption of the same gene is more or less unavoidable. Each project designed own trapping/conditional vectors in order to make even duplicated mutant ES cell lines of the same gene be able to provide some different utilities. Users must take account for the design and utility of the targeting/trapping vectors when users find several knockout ES cell lines are available for the gene of their interest. Another yet significant concern is that the knockout mutation often ends up with embryonic lethality or even no obvious phenotypes at all. The phenotypes observed from knockout mice were discussed at the Panel Discussion in the International Mammalian Genome Conference (33) . Overall very rough estimation of the knockout phenotypes was that one third may be recessive embryonic lethal, the other one third may give rise to some phenotypes after born, and the remaining one third may have no phenotypes. It is one of the major reasons why the knockout/conditional mutagenesis projects designed the "knockoutfirst conditional-ready" targeting/trapping vectors (27, 31, 32) . In order to fully utilize the knockout/conditional resource of the mutant ES cell lines, therefore, it is necessary to set various "CRE-zoo" transgenic mouse lines.
Users of the knockout/conditional mutant ES cell lines also concern about how they are able to obtain the mutant mouse stains. To make live mice from ES cells, it is necessary to have the technologies and facilities to construct germline chimeras with in vitro fertilization (IVF) and embryo transfer (ET). Nowadays, the IVF/ET with freezing technology (34-36) may become a routine work for many experimental mouse facilities in the specific-pathogen free (SPF) facilities and for the storage of precious mouse strains in liquid nitrogen tanks. However, not all of the mouse laboratories prevalently conduct the germline chimera construction, yet. Thus the effective distribution of established knockout resources is another issue to be concerned by the research community.
Phase III: next-generation gene-targeting
The development of the site-directed mutagenesis to introduce a single base substitution in the mouse genome has been a big dream in the mammalian genetics. The knock-in mouse is one of such technologies. More elaborated methods have also been developed. For instance, the double replacement targeting system has been designed and successfully developed (37) (38) (39) (40) . This double replacement targeting is an ideal universal gene replacement method, since it replaces the target gene to any designed sequences; a single base substitutions, insertions, deletions, and whole replacement to totally different sequences in the ES cells (40) . In addition, it does not leave any artificial base pairs like loxP or selectable markers at all. The double replacement targeting system, however, was not adopted for the international knockout/conditional mutagenesis projects because of its extremely low efficiency of the second replacement step in the ES cells.
On the other hand, the next-generation gene targeting that enables to establish mutant mice carrying a single base pair substitution in the target gene was paradoxically developed by the random mutagenesis with ENU. The overview of this ENU-based gene-driven mutagenesis is summarized in Fig. 2 . The construction of dual mutant archives and the development of the novel mutation discovery system were necessary to make the next-generation gene-targeting system feasible.
Dual archive construction
When the large-scale ENU mouse mutagenesis by the phenotype-driven approach was started at RIKEN in 1999, we decided to keep the original G1 mice as frozen sperm. G1 stands for Generation-1 that is the F1 offspring directly derived from the mating of ENU-treated F0 males (27) . Thus, each G1 is the founder mouse of the ENU-induced mutations that will be inherited to the subsequent generations according to the Mendel's law. Primarily, the G1 mice are the subjects of the phenotype screening for the large-scale ENU mutagenesis (27) . The original rationale to preserve all the G1 sperm in liquid nitrogen tank at RIKEN was to conduct various late-onset phenotype screenings and to find genetic traits similar to human common diseases from many G1 mice. For instance, high blood pressure, hearing and vision loss, diabetes, and/or tumorigenesis have been the candidate for late-onset phenotypes. Such traits associated to the senescence often accompany the sterility and/or lethality. Even if we identify a diabetic G1 mouse, it often becomes sterile concomitantly, in which case, we should lose this strain permanetly. Thus, we decided to preserve all the G1 sperm at the 3 months after the birth irrespective of any phenotype appearance at this time; thereby, even if we lose the G1 mouse due to its sterility or lethality, we can restore the strain from the frozen sperm.
The G1 sperm archive also preserves all the ENU-induced mutations in each G1 genome. If a large enough number of G1 sperm samples are accumulated, then, any gene may well be mutagenized by ENU. It is a matter of chance; i.e., given more the number of G1 mice and higher the ENU-induced mutation rate, better chance to have more number of ENU-induced mutations per gene. At this time of period, this ENU-http://bmbreports.org based gene-driven strategy had been considered that it would have been merely a theoretical possibility but practically impossible. Firstly, there were no large enough G1 sperm archive at all in the world yet and nobody knows how many G1 sperm samples were necessary to make this ENU-based genedriven strategy feasible at all. Moreover, even if we had had enough number of G1 sperm archive, no practical technologies were yet available to identify ENU-induced new mutations in a particular target gene in the 3 billion base pairs of the mouse genome.
The DNA sequencing technologies during 1990's had been drastically advanced and the sequencing cost had been inversely reduced. Thus, we decided to purify the genomic DNA from each G1 male in order to construct the ENU-mutagenized genomic DNA archive. At the same time, we have started a feasibility study to find ENU-induced mutations from the ENU-mutagenized genomic DNA archive. Once we find a mutation in a particular target gene, it now becomes possible to revive the discovered mutation as live mice by IVF/ET as depicted in Fig. 2 . The dual archive of frozen sperm and genomic DNA from G1 mice are the key resources for the next-generation gene targeting.
Mutation discovery methods
We have started to experimentally detect newly induced mutations and estimate the ENU-induced mutation rate in the mouse genome. The first trial was to use the direct sequencing method of the PCR-amplified DNA fragments from the ENUmutagenized genomic DNA archive. This method was found to be too expensive to conduct in a large scale at that time. In addition, it was extremely difficult to identify the site of ENUinduced mutations from sequencing chromatograms produced by the automated capillary sequencer like ABI3700.
We then tried several mutation discovery systems based on the heteroduplex detection. The G1 mice only inherited the ENU-induced mutations from F0 male; therefore, all the ENUinduced mutations in the G1 genome are heterozygous. After PCR amplification of a target sequence, the PCR fragments are denatured and annealed; then, paternally-and maternally-derived products randomly form double-stranded DNA again. If no ENU-induced mutations locate in the PCR products, all annealed fragments forms perfectly matched double-stranded DNA (homoduplex). When an ENU-induced mutation(s) exists in the target PCR sequence, then half of the annealed DNA fragments contain one mismatch (heteroduplex) in addition to the other half of homoduplex. Thus, we are able to quickly identify the G1 genomic DNA samples that carry an ENU-induced mutation(s) by distinguishing the heteroduplex-containing samples from solely homoduplex ones.
We firstly compared two heteroduplex detection methods; the dHPLC (Transgenomic WAVE system) (41, 42) and the temperature gradient capillary electrophoresis (TGCE) method (43) (44) (45) by using SCE9610 (SpectruMedix). We chose the TGCE method because of the throughput, cost performance and reproducibility to screen the ENU-induced mutations in the genomic DNA archive. Recently, we have added several other mutation discovery systems; for instance, the TILLING/Cel1 method (46, 47) , the high-resolution melting method (48, 49) and the direct re-sequencing method using next-generation sequencers such as 454GS-FLX (Roche), GA-II (Illumina) and/or http://bmbreports.org BMB reports SOLiD (AB).
ENU-induced mutation rate
In the early phase of the development of the ENU-based genedriven mutagenesis of the mouse, there were several reports about the ENU-induced mutation rate. In 2000, Beier (50) The ENU-induced mutation rates seem to be quite different among the reported data even in the large-scale analyses. The differences of the ENU doses, mutation discovery systems and mouse strains may have affected the mutation rate. Nevertheless, the ENU-induced mutation rate in the mouse genome was roughly 0.5-1.0/Mb.
ENU-induced mutation: distribution and spectrum
Mutations often arise in limited regions more and less than other regions in the genome, which is called mutation "hot spots" and "cold spots", respectively. If such mutation hot and cold spots would be prevalent in the mouse genome, the expected distribution of ENU-induced mutations in the entire genome would be quite different from the experimentally examined patterns as described above. First of all, there were no hot or cold spots in the ENU-induced mutations so far detected at all (57) . The discovered mutations were found according to the Poisson distribution that implies the random distribution. Namely, the numbers of discovered mutations are proportional to the length of the screening. For instance, we detected 65 and 80 ENU-induced mutation by screening 86.8 Mb and 110.7 Mb of coding and noncoding sequences, respectively (57) . We screened a total of 63 loci covering all the autosomes. They are chosen not by the chromosomal locations but due to the interest of the gene function; thus, the 63 tested loci are regarded as random sampling in terms of chromosomal locations. The numbers of discovered mutations were randomly distributed in proportional to the size of the PCR amplicons (57) .
It is noteworthy that we also found many long conserved noncoding sequences (LCNS) that are highly conserved in vertebrates and studied the rate of ENU mutations. ENU equally induced the mutations in the LCNS as well (57, 58) . We also analyzed ENU-induced mutation spectrum in details (57, 59) . The A/T to G/C transitions and A/T to T/A transversions were found more often than the random expectation and were consistent with the molecular knowledge of the ENU adducts in the DNA bases (57) . Conversely, the G/C to C/G transversions were hardly detected (1 in 142 mutations or 0.7%) compared to the random expectation of 15.8% (57) . Other than these preferences of base substitutions induced by ENU, all the discovered mutations were distributed randomly in entire tested genomic regions except the preference of nontranscribed sequences against transcribed sequences (59) .
Naturally, the mutation spectra of ENU-induced mutations discovered by the gene-driven screening were significantly different from those by phenotype-driven screening (57, 59 ). As discussed above, ENU-induced mutations were equally discovered in coding exons, noncoding exons, introns, flanking sequences and even LCNS by gene-driven screening; on the other hand, by phenotype screening, no mutations were reported in noncoding exons and flanking sequences. When mutations were found in intron by phenotype-driven screening, most, if not all, of the mutations caused splicing anomalies (59) . The A/T to T/A and G/C to C/G transversions were detected 1.8-folds and 4.7-folds more often, respectively, by phenotype-driven screening than by gene-driven screening (57) , indicating that such base substitutions may cause more drastic functional changes than other substitutions.
Mutant mouse library
After obtaining the ENU-induced mutation rate and confirming the genomewide random distribution in the mouse genome, it became possible to estimate the nature of the dual archives constructed by ENU (27) . The overall estimate of the ENU-induced mutations was given as 1/Mb; therefore, the average number of ENU-induced mutation per G1 mouse was 3,000. The RIKEN archive encompassed about 10,000 G1; therefore, a total of 30,000,000 base substitutions were preserved in liquid nitrogen tanks (Fig. 3) . The protein coding sequences in the mouse genome is at least 1%; thus, the 300,000 mutations locate in the protein coding sequences. Assuming the number of mouse gene is 30,000, we are able to provide 10 different mutations per gene on average; thus, we consider the dual archive to be 10-fold coverage of mutant moue library (57) . According to the peptide alteration pattern deduced from our data (57), 60% and 10% of the ENU-induced mutations in coding plus splicing donor/acceptor signal sequences were missense and knockout-type mutations, respectively (27) . Therefore, 180,000 missense mutations and 30,000 knockout-type mutations are available in the RIKEN archive (Fig. 3) .
Current progress and future directions
The next-generation gene-targeting system based on RIKEN mutant mouse library has been available to the research com-http://bmbreports.org Fig. 3 . Preserved ENU-induced mutations in the RIKEN mutant mouse library. Each G1 carries 3,000 ENU-induced mutations on average. Thus, a total of 30,000,000 mutations are preserved in the RIKEN library. Coding exons consist of at least 1% of the mouse genome; thus, 300,000 mutations locate in the coding sequences, 60% and 30% of which are missense and knockout-type mutations, respectively. Non sense and mutations in dinucleotide sequences of splicing donor/acceptor sites are regarded as KO-type. munity since 2002 (www.brc.riken.go.jp/lab/mutants/genedriven. htm). In more than 300 requested target genes, we have so far been successfully discovered multiple mutant alleles for many genes. For instance, we found eleven ENU-induced mutations by screening the entire Nat1 gene; 5, 1 and 5 of which were missense, nonsense and synonymous mutations, respectively (60) . One of the missense mutations, Ile95Thr, of the Nat1 gene was revived as mice and indeed exhibited a drastic reduction of its enzymatic activity (60) . The remaining 10 alleles discovered in Nat1 have not been analyzed yet.
The discovery of multiple mutations is very common. For instance, we have so far partially identified: 6 missense, 1 KOtype and 2 synonymous mutations in both the β-catenin and Sufu genes; 5 missense, 1 KO-type and 2 synonymous mutations in the Smo gene; and 2 missense, 1 KO-type and 1 synonymous mutations in the Slc39a6 gene. We have so far revived 11 mutations out of the total of 23 missense and KO-type alleles found in the four genes. The phenotype analyses are currently undertaken for the 11 revived mutant strains and 7 strains have already exhibited some phenotypic anomalies.
Other examples are depression and schizophrenia models established in the Disc1 missense mutations of Gln31Leu and Leu100Pro, respectively, by Clapcote et al. (61) . Some functional mutations in noncoding sequences have also been established. ENU-induced mutations in a highly conserved noncoding sequence, called MFCS1, affected the expression of the Shh gene that located ~1 Mb apart from the site of the mutations, exhibiting morphological anomalies in the limb/ digit development (62, 63) .
The RIKEN mutant mouse library is, therefore, a good open resource to the research community as a next-generation genetargeting system. Currently, total of 40,000 G1 mice including RIKEN library have already been archived in the world; thus, the entire resource is potentially four-fold larger (27) . In near future, when the $1,000 resequencing technology become available, it should be able to determine all the ENU induced mutations, or at least all the mutations in the coding sequences in the RIKEN and the other libraries. Then, users will be able to obtain multiple mutant alleles in any mouse genes for the functional annotation of the gene and genome without any screening or PCR primer designing at all.
